We investigated whether the use of vascularized peripheral nerve grafts on the optic nerve stump enhances axonal regeneration of retinal ganglion cells compared with isolated nonvascularized grafts. The rat median nerve was microsurgically sutured with its supplying artery and vein to the optic nerve stump. The number of retinal ganglion cells with regenerating axons was evaluated by retrograde labeling into the grafted peripheral nerve, and the myelination of the regenerating axon fibers was examined by electron microscopy. The number of retinal ganglion cells with regenerating axons was significantly higher in the vascularized graft than in the nonvascularized graft. The ratio of myelinated axon fibers was also increased in vascularized grafts. Thus, grafting with their supplying arteries and veins to an injured nerve stump represents a promising strategy to accelerate axonal regeneration from neurons of the central nervous system. NeuroReport Extent of myelination in grafted peripheral nerves following nonvascularized and vascularized grafts. Upper panels: Electron micrographs showing categories used to assess myelination on the basis of thickness (see the Methods section). Lower panels: Quantification of axon fibers in each category: unmyelinated (white), immature myelinated (gray), and mature myelinated axon fibers (black). Analysis carried out on four rats, two following nonvascularized grafting (a, b) and two following vascularized grafting (c, d). The ratio of myelination in the vascularized graft was significantly more enhanced than that in the nonvascularized graft. *P < 0.05, w 2 -test and residual analysis.
Introduction
Damage and injury to axonal fibers in the central nervous system (CNS) results in degeneration of the somata, and surviving neurons never show axonal regrowth in mature mammals [1] . Autologous peripheral nerve (PN) grafts enhance axonal regeneration and survival of damaged CNS neurons [2] . It is widely believed that PN grafts supply CNS neurons with neurotrophic factors and a permissive extracellular environment that supports their ability to survive and regenerate axons, mimicking the developmental stage [3, 4] .
Retinal ganglion cells (RGCs) and their axons, which make up the optic nerve (ON), have provided a good model for studying axonal regeneration and functional recovery from CNS injury since the pioneering work of So and Aguayo [5] , who showed that axotomized RGCs can regrow axons through a grafted PN. Although RGCs in mature mammals can survive axotomy and show axonal regrowth after PN grafting, the number of intact RGCs that regenerate axons is too small and myelination of regenerating ON remains immature or unmyelinated when the graft consists of a free PN isolated completely from its supplying artery and vein [6] [7] [8] [9] . One possible cause of the poor regenerating activity is the low viability and activity of Schwann cells in the grafted PN. Several attempts have been made to introduce surviving Schwann cells in classical PN grafting, including an artificial tube containing cultured Schwann cells [10] . New strategies that enhance the number and quality of regenerating ON axons should be established to bring this approach closer to clinical application [8] .
In this study, we established a new surgical method to suture a PN along with its supplying artery and vein (the vascularized graft) to the transected ON stump to promote the survival of Schwann cells within the graft. We then evaluated the number and extent of myelination of regrowing axons 1 month after the operation, comparing the effect of vascularized and classical nonvascularized grafts. Our findings suggest the potential for a new microsurgical strategy for treating CNS injuries and damage.
Methods

Surgical procedures
Twelve adult male Wistar rats (SLC, Shizuoka, Japan) weighing 250-300 g were used in this study. All animal experiments were conducted in strict accordance with institutional and NIH guidelines for 'Using Animals in Intramural Research' and all experimental protocols were approved by the Animal Research Committee of Okayama University, Japan (No. OKU-2011304, 2012394).
Vascularized and nonvascularized grafting procedures were modified from published methods [7, 8] . After establishing deep anesthesia by an intraperitoneal injection of sodium pentobarbital, we opened the skin from the right forearm to the ON and then transected the ON just behind the sclera, taking care to avoid damage to the ophthalmic artery.
The vascularized PN graft procedure was developed on the basis of published methods, with minor modifications [11, 12] . The trunk of the right median nerve was clearly and carefully exposed from the head of the humerus to near the palm on the flexor side of the forearm, avoiding damage to the supplying blood vessels [11] . To ensure complete blood supply from the brachial artery to the supplying artery of the median nerve, peripheral branches were ligated using a bipolar coagulator (Janus Electrosurgical Unit, J-45; Keisei-Ika, Tokyo, Japan). We carefully transected the median nerve with its blood supply from a site near the palm to the head of humerus, yielding a segment at least 5 cm in length. The median nerve was then rotated and the distal end was sutured to the ON stump using 10-0 nylon sutures (Keisei Medical, Tokyo, Japan). The proximal end of the median nerve was transected at the brachial plexus and sutured to the temporal muscle. This operation method is shown in Fig. 1 .
For nonvascularized PN grafting, at least a 5 cm segment of the right median nerve was excised from the forelimb without any artery or vein, according to our strategy [7, 8] . The distal end of the freely isolated nerve was sutured to the ON stump with 10-0 nylon sutures. The other end of the graft was labeled with red thread and sutured to the temporal muscle. The animals in both groups underwent a mid-humerus-level amputation to avoid severe necrosis because of removal of the blood supply in the vascularized graft group. Following recovery, all rats were caged individually with ad libitum access to food and water until further analysis.
Retrograde labeling and counting of retinal ganglion cells
Axonal regeneration from RGCs was detected by retrograde labeling of the grafted PN [7, 8] . One month (30-31 days) after grafting, rats were anesthetized with sodium pentobarbital and the operation site was opened to expose the graft. A small piece of gelatin sponge (Spongel; Astellas, Tokyo, Japan) soaked with p-amidinophenyl p-(6-amidino-2indolyl) phenyl ester [Granular Blue (GB); Sigma, St. Louis, Missouri, USA] was implanted into the nerve graft at a site 10 mm peripheral to the PN/ON suture site. Three days later, the rats were anesthetized deeply with sodium pentobarbital and transcardially perfused with 4% paraformaldehyde in 0.1 M PBS (pH 7.4). For flatmount preparations of the retina, the isolated neural retina was spread onto a 1-mm-grid glass slide (Matsunami Glass, Osaka, Japan) and viewed from the vitreous side. In the vascularized graft group, three samples with severe intraocular hemorrhage and ischemic changes were excluded from the analysis. Specimens were observed under a fluorescence microscope with a UV filter (Axiopran; Carl Zeiss, Heidelberg, Germany). The number of GB-fluorescent RGCs was counted manually using the grid and images were recorded using a chargecoupled device camera (AxioCam; Carl Zeiss).
Transmission electron microscopic study
Myelination of regenerating axons was evaluated by transmission electron microscopy [13] . A piece of median nerve around B5 mm peripheral to the PN/ON suture site was isolated after transcardial perfusion (above) and postfixed with 2% paraformaldehyde/2% glutaraldehyde overnight and then with 1% osmium tetroxide (Merck, Darmstadt, Germany) at 41C for 1 h. After dehydration with an ethanol series (50-100%), specimens were embedded in Epon 812 (Oken Shoji, Tokyo, Japan) and polymerized at 601C for 3 days. Ultrathin vertical sections of PN were cut using a diamond knife and stained with 5% aqueous uranyl acetate and lead citrate, and observed by transmission electron microscopy (H-7650 at 80 V; Hitachi, Tokyo, Japan).
We categorized the degree of myelination in three stage types. A myelin sheath, which was thicker than half the axon diameter, was considered 'mature' and a myelin sheath that was thinner than half the axon diameter was considered 'immature'. For this purpose, the axon diameter was defined as the mean of the maximum diameter and the diameter orthogonal to it. From their fine structure and typical low electron density, histologically defined unmyelinated axon fibers were considered as 'unmyelinated'. At least 400 axon fibers were categorized in each sample using electron micrographs from four rats, two following nonvascularized grafting (a, b) and two following vascularized grafting (c, d). Schematic representation of the vascularized peripheral nerve graft model in the rat. The right median nerve (yellow) was carefully exposed with its supplying artery (red) and vein (blue) from the head of humerus to the palm. The distal end of the nerve was turned and sutured to the right optic nerve stump (arrow). The proximal side was transected from the brachial plexus (dotted line).
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Statistical analysis
Statistical comparisons of the number of RGCs with regenerating axons between vascularized grafts (n = 3) and nonvascularized grafts (n = 6) were carried out using Student's unpaired t-test. The significance cutoff was set at P value less than 0.05. All numerical data are presented as the mean±SD. w 2 -Test independence (P = 0.05) and residual analysis were used to examine significant differences with three categorical variables, unmyelinated, immature, and mature myelinated axon fibers, and the comparison of nonvascularized (a + b) and vascularized (c + d) grafting.
Results
Number of retinal ganglion cells with regenerating axons following vascularized grafting
GB-positive cells in vascularized and nonvascularized PNgrafted rats were localized from the central (Fig. 2a-c) to the peripheral retina. The number of GB-positive cells (i.e. RGCs with regenerating axons) following vascularized PN grafts was significantly greater than the number following nonvascularized grafts (compare Fig. 2a with Fig. 2b ). The average number of GB-positive cells in the vascularized group was 1200±208 (n = 3), which represents 1.2% of the total number of RGCs in an intact rat retina (B98 000) [14] . In the nonvascularized group, there were 691±213 (n = 6) GB-positive RGCs, representing 0.7% of the total RGCs in an intact rat retina. The use of vascularized PN grafts resulted in a statistically significant increase (B1.7-fold; P < 0.05) in axonal regeneration (Fig. 2d ). The morphology of GB-positive RGCs in the vascularized group (Fig. 2c) was not different from that in the nonvascularized group or that in a previous study [7] .
Myelination of regenerating axon fibers in the vascularized grafts
Regenerating retinal axon fibers in vascularized and nonvascularized PN grafts were observed by transmission electron microscopy to evaluate the extent of myelination. Nonvascularized grafts contained unmyelinated axon fibers and a small number of thinly myelinated axon fibers (Fig. 3a) . The axon fibers were loosely distributed, with many spaces between them. At higher magnification, unmyelinated axon fibers were in contact with Schwann cells (arrowheads in Fig. 3b ). Axon fibers with a thin myelin sheath were categorized here as immature myelinated axon fibers (c.f. Fig. 4 ). Initial stages of myelination were also detectable in the nonvascularized grafts (arrows and asterisks in Fig. 3b ). These observations were consistent with earlier findings for nonvascularized sciatic nerve grafts in both rats and cats [9, 15] . In contrast, many myelinated axon fibers were observed in vascularized grafts at low magnification (Fig. 3c) . At higher magnification, regenerating retinal axon fibers were observed as bundles in the vascularized PN, and each myelinated axon was covered with Schwann cell cytoplasm (arrowheads in Fig. 3d ). Tight collagen fibrils were also observed around the myelinated fibers.
At a lower magnification, the number of myelinated axon fibers seemed to be greater in the vascularized PN than the nonvascularized PN (compare Fig. 3a with Fig. 3c ). Thus, we quantified the degree of myelination in both graft groups using a categorization of unmyelinated, immature, and mature myelinated axon fibers (Fig. 4, upper panels) . In nonvascularized grafts, B70% of regenerating axon fibers Vascularized PN graft to CNS Komatsu et al. 569
were unmyelinated 1 month after the operation and only B10% had mature myelination. In contrast, more than 35% of regenerating axons had mature myelination in vascularized grafts and less than 50% were unmyelinated. This semiquantitative analysis indicated that myelination of regenerating axon fibers was significantly enhanced with the use of vascularized PN grafts (P < 0.05, w 2 -test + residual analysis) ( Fig. 4 ).
Discussion
We showed that the number of RGCs with regenerating axons after vascularized grafts was significantly higher than that after nonvascularized grafts, although the number still remained small. One possible explanation for the small number of RGCs with regenerating axons in the vascularized group is that some inhibitory factors were upregulated in the vascularized PN graft. Inhibitory factors such as myelin-associated glycoprotein and chondroitin sulfate proteoglycan have been reported in the PN [16, 17] . Contrary to our expectation, it is possible that both inhibitory and accelerative factors were activated by Schwann cells in vascularized PN grafts. Molecular approaches that block such inhibitory signals may be effective at increasing the number of regenerating retinal axons.
Another possibility is that the median nerve has a smaller diameter than the sciatic nerve, which was used in previous nonvascularized PN grafts, and has the largest diameter among PNs. The ON stump was completely covered with the freely moving sciatic nerve previously [7, 8] , whereas in this study, the dissected ON and median nerve were sutured stump to stump. We speculate that regenerating axons from the ON stump penetrated more easily into the grafted sciatic nerve with a larger diameter than the end-sutured median nerve. To increase the number of RGCs with regenerating axons, it will be useful for future studies to examine the effect of grafting other vascular PNs with larger diameters.
The enhanced myelination of axon fibers and increased number of Schwann cells in vascularized PN grafts compared with nonvascularized grafts have already been elucidated using the research system of axonal regrowth of PN/PN grafts [18, 19] . Watanabe et al. [9] have clearly shown that axon fibers in a nonvascularized sciatic nerve graft were regrowing ON fibers originating from anterograde-labeled RGCs. Retrograde-labeled RGCs in the flatmounted retina ( Fig. 2 ) strongly suggest that the axon fibers observed by electron microscopy were regrowing retinal axons originating from RGCs (i.e. ON fibers) in the vascularized graft. Taken together with earlier results of the regrowth and remyelination of PN axons, these observations strongly suggest that enhanced myelination of regenerating retinal axon fibers resulted from an increased number of Schwann cells in the vascularized graft [18, 19] . Further studies could clearly show that axonal regeneration and myelination of RGC are promoted by increased numbers and activities of Schwann cells in the vascularized grafts. It is reasonable to suggest that some factors secreted by an increased number of Schwann cells enhanced axonal regeneration of RGCs in the vascularized grafts. Several factors synthesized by Schwann cells are candidates for supporting axonal regeneration of RGCs, including ciliary neurotrophic factor, brainderived neurotrophic factor, and osteonectin [3, 4, 17, 20] . In addition, our results show that myelination of retinal axon fibers had developed to a mature stage within 1 month in the vascularized graft. Further analysis could show the molecular cascade by which an increase in Schwann cells establishes permissive conditions for retinal axon regrowth and progressive remyelination of ON fibers within the PN graft.
Conclusion
The use of vascularized PN grafts enhanced axonal regeneration of RGCs and profoundly affected the myelination of regenerating axon fibers. Maturation of myelinated axon fibers following a vascularized PN graft can rapidly accelerate the functional recovery of the ON after injury and damage. This microsurgical strategy may lead to a breakthrough in the challenges of reconstructing synaptic pathways in the CNS.
